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First measurements of azimuthal asymmetries in hadron-pair production in deep-inelastic scattering
of muons on transversely polarised 6LiD (deuteron) and NH3 (proton) targets are presented. The
data were taken in the years 2002–2004 and 2007 with the COMPASS spectrometer using a muon
beam of 160 GeV/c at the CERN SPS. The asymmetries provide access to the transversity distribution
functions, without involving the Collins effect as in single hadron production. The sizeable asymmetries
measured on the NH3 target indicate non-vanishing u-quark transversity and two-hadron interference
fragmentation functions. The small asymmetries measured on the 6LiD target can be interpreted as
indication for a cancellation of u- and d-quark transversities.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The quark content of the nucleon at twist-two level can be
characterised by three independent distribution functions (DFs) for
each quark flavour [1]. If the quarks are collinear with the parent
nucleon, i.e. quarks have no intrinsic transverse momentum kT ,
or after integration over kT , these three distributions exhaust the
information on the partonic structure of the nucleon [2–5]. Two
1 Also at IST, Universidade Técnica de Lisboa, Lisbon, Portugal.
2 Also at Chubu University, Kasugai, Aichi 487-8501, Japan.
3 Also at KEK, 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan.
4 On leave of absence from JINR, Dubna.
5 Also at GSI mbH, Planckstr. 1, D-64291 Darmstadt, Germany.
6 Supported by the German Bundesministerium für Bildung und Forschung.
7 Suppported by Czech Republic MEYS grants ME492 and LA242.
8 Supported by SAIL (CSR), Govt. of India.
9 Supported by CERN-RFBR grants 08-02-91009.
10 Supported by the Portuguese FCT – Fundação para a Ciência e Tecnologia,
COMPETE and QREN, grants CERN/FP/83542/2008, CERN/FP/109323/2009 and CERN/
FP/116376/2010.
11 Supported by the MEXT and the JSPS under the Grants Nos. 18002006,
20540299 and 18540281; Daiko Foundation and Yamada Foundation.
12 Supported by the DFG cluster of excellence ‘Origin and Structure of the Uni-
verse’ (www.universe-cluster.de).
13 Supported by the Israel Science Foundation, founded by the Israel Academy of
Sciences and Humanities.
14 Supported by Ministry of Science and Higher Education grant 41/N-CERN/
2007/0.
15 Deceased.of these functions have been measured with good accuracy. First,
the unpolarised distribution f q1 (x) describes the number density
of quarks with flavour q carrying a fraction x of the longitudinal
momentum of the fast moving parent nucleon. Secondly, the helic-
ity distribution gq1(x) describes the difference between the number
densities of quarks with helicity parallel and antiparallel to the
spin of the nucleon that is longitudinally polarised with respect
to the nucleon momentum. However, up to ten years ago nothing
was known about the third function, the transverse spin distribu-
tion hq1(x), often referred to as transversity, which describes the
difference between the number densities of quarks with their spins
oriented parallel and antiparallel to the spin of a transversely po-
larised nucleon. This distribution is difficult to measure, since it is
related to soft processes correlating quarks with opposite chirality,
making it a chiral-odd function [1]. As a result, transversity can
only be accessed through observables in which it appears coupled
with a second chiral-odd object in order to conserve chirality, i.e.
not in inclusive deep inelastic scattering (DIS) at leading twist. For
a recent review see Ref. [6].
The only results on transversity so far come from semi-inclusive
deep inelastic scattering (SIDIS) reactions. Here, the chiral-odd
partners of the transversity distribution function are fragmenta-
tion functions (FFs), which describe the spin-dependent hadro-
nisation of a transversely polarised quark q into hadrons. Al-
ready in 1993 it was suggested by Collins [7] that transversity
could be accessed in SIDIS due to a hadronisation mechanism,
in which the transverse spin of the struck quark is correlated to
the transverse momentum pT of the produced unpolarised hadron
12 C. Adolph et al. / Physics Letters B 713 (2012) 10–16with respect to the quark momentum. The resulting azimuthal
asymmetry in the distribution of the final state hadrons is then
proportional to the convolution of this Collins FF Hh1(z, pT ) and
the transversity DF hq1(x,kT ). Here, convolution integrals of quark
and hadron transverse momenta have to be taken into account
[3,4,8].
Such asymmetries were measured by HERMES using a trans-
versely polarised pure hydrogen target [9] and by COMPASS us-
ing transversely polarised 6LiD (deuteron) [10] and NH3 (proton)
targets [11]. No significant signals were found on the 6LiD tar-
get. Sizeable Collins asymmetries were observed by HERMES, and
by COMPASS using the polarised NH3 target, which implies both
transversity DF and Collins FF to be different from zero. The
latter was also independently measured at the KEK e+e− col-
lider by the BELLE experiment and established to be sizeable [12,
13]. All these results were well described by a global fit [14,
15], which allowed for a first extraction of the u- and d-quark
transversity DFs. These results contain convolutions of transverse-
momentum-dependent functions, where the assumed shape of the
transverse momentum distributions leads to a model dependence
of the extracted results. Moreover, BELLE results as compared to
COMPASS and HERMES results were obtained at a very different
scale, Q 2 ≈ 100 (GeV/c)2 compared to 〈Q 2〉 ≈ 3.2 (GeV/c)2 and
〈Q 2〉 ≈ 2.4 (GeV/c)2, respectively. The necessary Q 2 evolution is
quite complex for transverse-momentum-dependent functions [8,
16], requiring the use of Collins–Soper factorisation [17,18] and
thus again the knowledge of the transverse momentum distribu-
tions. In the global analysis of Refs. [14,15], a Gaussian ansatz
for the transverse momentum distributions was used but only
collinear evolution was taken into account, leading to a possible
overestimation of h1 [8].
As an alternative to study the Collins fragmentation mecha-
nism in one-hadron SIDIS it was proposed to measure two-hadron
SIDIS, lp↑ → l′h+h−X with both hadrons produced in the cur-
rent fragmentation region [19–22]. In this reaction appears a new
chiral-odd fragmentation function, the Interference Fragmentation
Function (IFF) H1 , which describes the fragmentation of a trans-
versely polarised quark into a pair of unpolarised hadrons. The
transverse polarisation of the fragmenting quark is correlated with
the relative momentum of the two hadrons, which gives rise to
an azimuthal asymmetry with respect to the virtual-photon di-
rection and the lepton scattering plane. The additional degrees of
freedom allow for an integration over the transverse momenta of
the final state hadrons, leaving only the relative momentum of the
two hadrons. This avoids the complexity of transverse-momentum-
dependent convolution integrals and the analysis can be performed
using collinear factorisation [8,16]. Here, the evolution equations
are known at next-to-leading order [23], so that results from e+e−
scattering and SIDIS can be correctly connected, making it the
theoretically cleanest way to extract transversity using presently
existing facilities [8]. The properties of interference fragmentation
functions are described in detail in Refs. [19–22,24–27].
First evidence for azimuthal asymmetries in leptoproduction of
π+π− pairs was published by HERMES, using a transversely po-
larised hydrogen target [28]. The interference fragmentation func-
tions were measured in e+e− reactions by BELLE [29]. These mea-
surements indicate a sizeable u-quark transversity distribution and
non-vanishing interference fragmentation functions [30]. In this
Letter, the first measurement of two-hadron azimuthal asymme-
tries using a transversely polarised 6LiD (deuteron) target is pre-
sented as well as results from a NH3 (proton) target. Due to the
large acceptance of the COMPASS spectrometer and the large beam
momentum of 160 GeV/c, results with high statistics were ob-
tained covering a large kinematic range in x and Mhh , the invariant
mass of the hadron pair.Fig. 1. Definition of the azimuthal angles φR and φS for two-hadron production in
deep inelastic scattering, where l, l′ , q and pi are the 3-momenta of beam, scattered
muon, virtual photon and hadrons. Note that the azimuthal plane is defined by the
directions of the relative hadron momentum and the virtual photon.
2. Theoretical framework
At leading twist and after integration over the hadron trans-
verse momenta, the cross section of semi-inclusive two-hadron
leptoproduction on a transversely polarised target is given as a
sum of a spin independent and a spin dependent part [25,26]:
d7σUU
d cos θ dM2hh dφR dzdxdy dφS
= α
2
2π Q 2 y
(
1− y + y
2
2
)∑
q
e2q f
q
1 (x)D1,q
(
z,M2hh, cos θ
)
, (1)
d7σUT
d cos θ dM2hh dφR dzdxdy dφS
= α
2
2π Q 2 y
S⊥(1− y)
×
∑
q
e2q
|p1 − p2|
2Mhh
sin θ sinφRSh
q
1(x)H

1,q
(
z,M2hh, cos θ
)
. (2)
Here, the sums run over all quark flavours q, and p1 and p2 de-
note the momenta of the two hadrons of the pair. The first index
(U ) indicates an unpolarised beam and the second, (U ) or (T ),
an unpolarised and transversely polarised target, respectively. Note
that the contribution from a longitudinally polarised beam and a
transversely polarised target, σLT , is suppressed by 1/Q [31]. The
fine-structure constant is denoted by α, y is the fraction of the
muon’s energy lost in the nucleon rest frame, D1,q(z,M2hh, cos θ)
is the unpolarised two-hadron fragmentation function for a quark
of flavour q and z1, z2 are the fractions of the virtual-photon en-
ergy carried by these two hadrons, with z = z1 + z2. The symbol
S⊥ denotes the component of the target spin S perpendicular to
the virtual-photon direction, and θ is the polar angle of one of the
hadrons – commonly the positive one – in the two-hadron rest
frame with respect to the two-hadron boost axis. The azimuthal
angle φRS is defined according to Fig. 1 as
φRS = φR − φS ′ = φR + φS − π, (3)
where φS is the azimuthal angle of the initial nucleon spin and φS ′
is the azimuthal angle of the spin of the fragmenting quark, with
φS ′ = π − φS . The azimuthal angle φR is defined by
φR = (q × l) · R arccos
(
(q × l) · (q × R))
, (4)|(q × l) · R| |q × l||q × R|
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momentum and R the relative hadron momentum [20,32] given
by
R = z2p1 − z1p2
z1 + z2 =: ξ2p1 − ξ1p2. (5)
The number Nh+h− of pairs of oppositely charged hadrons pro-
duced on a transversely polarised target can be written as
Nh+h−
(
x, y, z,M2hh, cos θ,φRS
)
∝ σUU
(
1± f (x, y)PT Dnn(y)AsinφRSU T sin θ sinφRS
)
, (6)
omitting luminosity and detector acceptance. Here, PT is the mag-
nitude of the transverse target polarisation and Dnn(y) = 1−y1−y+y2/2
the transverse-spin-transfer coefficient, while f (x, y) is the target
dilution factor calculated for semi-inclusive reactions that depends
on kinematics. It is given by the number-weighted ratio of the to-
tal cross section for scattering on protons or deuterons to that for
scattering on all nuclei in the target. It increases at large x due
to the reduced cross section for heavy targets. The dependence of
the dilution factor on the hadron transverse momenta appears to
be weak in the ν range of the COMPASS experiment. Dilution due
to radiative events on protons or deuterons is taken into account
by the ratio of the one-photon exchange cross section to the total
cross section. For 6LiD, f includes a correction for the relative po-
larisation of deuterons bound in 6Li with respect to free deuterons.
For 14NH3, f contains a correction for the polarisation of the small
15N admixture.
The asymmetry
AsinφRSU T =
|p1 − p2|
2Mhh
∑
q e
2
qh
q
1(x)H

1,q(z,M
2
hh, cos θ)∑
q e
2
q f
q
1 (x)D1,q(z,M
2
hh, cos θ)
(7)
is proportional to the product of the transversity distribution func-
tion hq1(x) and the polarised two-hadron interference fragmenta-
tion function H1,q(z,M
2
hh, cos θ), summed over the quark flavours
q with charge eq .
It is convenient [25] to expand both the polarised and unpo-
larised two-hadron fragmentation functions in terms of Legendre
polynomials in cos θ . For the invariant mass range typically covered
by SIDIS experiments, Mhh < 1.5 GeV/c2, to a good approximation
only relative s and p partial waves of the two-hadron system con-
tribute to the cross section, yielding [27]
D1
(
z,M2hh, cos θ
)
 D1,oo(z,M2hh)+ cos θD1,ol(z,M2hh)
+ 1
4
(
3cos2 θ − 1)D1,ll(z,M2hh) (8)
and
H1
(
z,M2hh, cos θ
)
 H1,ot(z,M2hh)+ cos θH1,lt(z,M2hh), (9)
respectively. The term cos θD1,ol(z,M2hh) describes the interference
between an unpolarised hadron pair (denoted o) in s-wave and
a longitudinally polarised pair (denoted l) in p-wave, while the
term H1,ot(z,M
2
hh) arises from the interference between an un-
polarised hadron pair in s-wave and a transversely polarised pair
(denoted t) in p-wave. The term cos θH1,lt(z,M
2
hh) indicates inter-
ference between longitudinally and transversely polarised pairs in
a relative p-wave, while the term (3cos2 θ − 1)D1,ll(z,M2hh) in-
dicates interference between longitudinally polarised pairs in a
relative p-wave. The term D1,oo(z,M2hh) represents an unpolarised
state of the hadron pair and can have contributions from s- and
p-waves but not from the interference between both.3. Experimental data
The analysis presented in this Letter is performed using data
taken in the years 2002–2004 and 2007 with the COMPASS spec-
trometer [33] by scattering positive muons of 160 GeV/c from the
CERN SPS off transversely polarised solid state 6LiD and NH3 tar-
gets, respectively. The beam muons originating from π+ and K+
decays are naturally polarised with an average longitudinal polar-
isation of about 0.8 with a relative uncertainty of 5%. For 6LiD,
the average dilution factor calculated for semi-inclusive reactions
is 〈 f 〉 ∼ 0.38 and the average polarisation is 〈PT 〉 ∼ 0.47, while
for NH3 it is 〈 f 〉 ∼ 0.15 and 〈PT 〉 ∼ 0.83, respectively. The tar-
get consists of cylindrical cells in a row, which can be indepen-
dently polarised. In 2002–2004, two cells were used, each 60 cm
long and 3 cm in diameter. The direction of polarisation in the
downstream cell was chosen oppositely to the one in the up-
stream cell. In 2007, the target consisted of three cylindrical cells,
with 4 cm diameter. The middle cell was 60 cm long and the
two outer cells 30 cm each. The direction of polarisation in the
middle cell was opposite to the one in the outer cells. For the
analysis the central cell is divided into two parts, providing four
data samples with two different orientations of polarisation. Both
target configurations allow for a simultaneous measurement of az-
imuthal asymmetries for both target spin states to compensate
flux dependent systematic uncertainties. Furthermore, the polar-
isation was destroyed and built up in reversed direction every
four to five days. This compensates acceptance effects created by
the dipole field necessary to sustain transverse target polarisa-
tion.
For the analysis events with incoming and outgoing muons and
at least two reconstructed hadrons from the primary vertex inside
the target cells are selected. Equal flux through the whole target is
achieved by requiring that the extrapolated beam track crosses all
cells. In order to select events in the DIS regime, cuts are applied
on the squared four-momentum transfer, Q 2 > 1 (GeV/c)2, and on
the invariant mass of the final hadronic state, W > 5 GeV/c2. Fur-
thermore, the fractional energy transfer by the virtual photon is
required to be y > 0.1 and y < 0.9 to remove events with poorly
reconstructed virtual photon energy and events with large radia-
tive corrections, respectively.
The hadron pair sample consists of all combinations of op-
positely charged hadrons originating from the reaction vertex.
Hadrons produced in the current fragmentation region are selected
requiring z > 0.1 for the fractional energy of each hadron and
xF > 0.1. The Feynman variable xF is defined in the centre-of-
mass frame of virtual photon and target nucleon as the longitu-
dinal momentum of the hadron with respect to the virtual photon
divided by the total available longitudinal momentum. The sup-
pression of exclusive hadron pairs [27] is accomplished by requir-
ing the missing mass to be MX > 2.4 GeV/c2. As the azimuthal
angle φR is only defined for non-collinear vectors R and q, a mini-
mum value is required on the component of R perpendicular to
q, |R⊥| > 0.07 GeV/c. After all cuts, 5.8 × 106 h+h− combina-
tions for the 6LiD target and 10.9 × 106 h+h− combinations for
the NH3 target remain. Fig. 2 shows the invariant mass distribu-
tions of the two-hadron system for both targets, always assuming
the pion mass for each hadron. A cut of Mhh < 1.5 GeV/c2 is ap-
plied in order to justify the restriction to relative s- and p-waves
given in Eqs. (8) and (9). For further details on the event selection
and on the analysis we refer to Ref. [34].
In Refs. [21,22,25], it was proposed to measure two-hadron pro-
duction integrated over the angle θ . This has the advantage that in
the resulting expression for the cross sections only the fragmenta-
tion function H1,ot(z,M
2
hh) appears, provided that the experimen-
tal acceptance is symmetric in cos θ .
14 C. Adolph et al. / Physics Letters B 713 (2012) 10–16Fig. 2. Invariant mass distributions of the final h+h− hadron samples for the NH3
target (upper curve) and the 6LiD target (lower curve). The cut Mhh < 1.5 GeV/c2
is indicated. In both cases the K 0, ρ and f1 resonances are clearly visible.
Fig. 3 shows the sin θ , cos θ and cos2 θ distributions for the
NH3 target. The corresponding distributions for the 6LiD target
show exactly the same shape. In the COMPASS acceptance, the
opening angle θ peaks close to π/2 with 〈sin θ〉 = 0.94 (Fig. 3,
left). In the analysis, we extract the product A = 〈AsinφRSU T sin θ〉,
integrated over the angle θ . The cos θ distribution is symmetric
around zero (Fig. 3, centre) with 〈cos θ〉 = 0.01. Therefore, the con-
tribution to the asymmetry arising from H1,lt(z,M
2
hh) in Eq. (9)
is expected to be rather small, so that the result is mainly sensi-
tive to H1,ot(z,M
2
hh). The cos
2 θ distribution (Fig. 3, right) shows
a mean value of 〈cos2 θ〉 = 0.11. Therefore, the contribution of
D1,ll(z,M2hh) in Eq. (8) does not vanish but contributes with a
weight of about 16% to the unpolarised cross section. This leads
to a dilution of the asymmetry signal which has to be taken
into account when extracting the transversity distributions from
the data. For this purpose, the mean values of all three distri-
butions for individual kinematic bins can be found on HEPDATA
[35].
4. Asymmetry extraction
The asymmetry A˜ = 〈PT 〉A is evaluated in kinematic bins of x,
z or Mhh , while always integrating over the other two variables. As
estimator an extended unbinned maximum likelihood function in
φR and φS is used:L=
ncell∏
i=1
{(
e−I
+
i
N+i∏
m=1
P+
(
φRm, φSm;a+i , A˜
)) N¯N+i
×
(
e−I
−
i
N−i∏
n=1
P−
(
φRn, φSn;a−i , A˜
)) N¯N−i }
, (10)
where the probability density function P±(φR , φS ;a±i , A˜) =
a±i (φR , φS) · (1± f · Dnn · A˜ · sinφRS) is normalised to the estimated
number of hadron pairs I±i =
∫ ∫
dφR dφS P±(φR , φS ;a±i , A˜). Here
± denotes the sign of the target polarisation and a±i (φR , φS) rep-
resents the acceptance seen by particles produced in target cell i,
including the unpolarised cross section and the respective lumi-
nosities. The outer product corresponds to the target cells, ncell = 2
in case of the 6LiD target and ncell = 4 in case of the NH3 target,
while the inner products correspond to the two data samples of
each cell i acquired with target spin up and target spin down, re-
spectively. The contributions are weighted with powers of N¯/N±i
to account for unbalanced statistics, where N¯ is the average num-
ber of pairs per sample and N±i is the number of pairs with spin
up or spin down for each target cell i. The weighting makes the
resulting asymmetries less sensitive to acceptance and reduces
possible false asymmetries. Monte Carlo studies have shown that
the functional form of the acceptance has a negligible effect on the
extracted asymmetries. Hence constant values a±i are used, which
account for the different luminosities in the two periods with op-
posite target polarisation. Additionally, each pair is weighted by
the corresponding target dilution factor f (x, y) and the transverse
spin-transfer-coefficient Dnn(y). The magnitude of the target po-
larisation cannot be used as a weight in the fit since this could
bias the results in case of unbalanced statistics, instead its mean
value is used to scale the extracted asymmetries A˜. In order to
avoid false asymmetries, care was taken to select only such data
for the analysis for which the spectrometer performance was stable
in consecutive periods of data taking. This was ensured by exten-
sive data quality tests. In a first step, the detector performance was
investigated on the time scale of a SPS extraction, typically 4.8 s
every 16.8 s. Quantities directly linked to detection and recon-
struction stability were studied, like number of interaction vertices,
number of tracks, number of clusters in the calorimeters and trig-
ger rates. Time intervals with irregularities in these variables were
discarded from further analysis. In a second step, the distributions
of DIS and SIDIS variables were investigated. In order to ensure suf-
ficient statistics, this was done on the basis of a run that typically
consists of 200 beam extractions. Runs showing distributions that
are statistically incompatible to the majority of runs were also dis-Fig. 3. Distributions in sin θ , cos θ and cos2 θ for the h+h− sample from the transversely polarised NH3 target.
C. Adolph et al. / Physics Letters B 713 (2012) 10–16 15Fig. 4. Deuteron and proton asymmetries, integrated over the angle θ , as a function of x, z and Mhh , for the data taken with the 6LiD (top) and NH3 target (bottom),
respectively. The open data points in both asymmetry distributions vs. Mhh include all hadron pairs with an invariant mass of Mhh  1.5 GeV/c2. These pairs are discarded
for the two other distributions, which are integrated over Mhh . The grey bands indicate the systematic uncertainties, where the last bin in Mhh is not fully shown. The curves
show the comparison of the extracted asymmetries to predictions [37,38] made using the transversity functions extracted in Ref. [15] (solid lines) or a pQCD based counting
rule analysis (dotted lines).16carded from the analysis. The remaining data sample was carefully
scrutinised for a possible systematic bias in the final asymmetries.
Here, the two main sources for uncertainties are false asymmetries,
which can be evaluated by combining data samples with the same
target spin orientation, and effects of the acceptance, which can
be evaluated by comparing subsamples corresponding to different
ranges in the azimuthal angle of the scattered muon. No signifi-
cant systematic bias could be found. Therefore, an upper limit was
estimated comparing the results of the systematic studies to ex-
pected statistical fluctuations. The resulting systematic uncertainty
for each data point amounts to about 75% of the statistical error
for both targets. An additional scale uncertainty of 5.4% for the
6LiD and 2.2% for the NH3 target accounts for uncertainties in the
determination of target polarisation and target dilution factor cal-
culated for semi-inclusive reactions [36].
5. Discussion of results
The resulting asymmetries are shown in Fig. 4 as a function
of x, z and Mhh for the 6LiD (top) and NH3 (bottom) targets, re-
spectively. For 6LiD, no significant asymmetry is observed in any
variable. For NH3, large negative asymmetries are observed in the
region x > 0.03, which implies that both transversity distributions
and polarised two-hadron interference fragmentation functions do
not vanish. For x < 0.03, the asymmetries are compatible with
zero. Over the measured range of the invariant mass Mhh and z,
the asymmetry is negative and shows no strong dependence on
these variables.
16 The sign of the original predictions was changed to accommodate the phase π
in the definition of the angle φRS used in the COMPASS analysis.When comparing the results on the NH3 target to the published
HERMES results on a transversely polarised proton target [28], the
larger kinematic region in x and Mhh is evident. However, both re-
sults cannot be directly compared for several reasons: (1) The op-
posite sign is due to the fact that in the extraction of the asymme-
tries the phase π in the angle φRS is used in the COMPASS analysis;
(2) COMPASS calculates asymmetries in the photon–nucleon sys-
tem, while HERMES published them in the lepton–nucleon system;
both agree reasonably well when including Dnn corrections for
HERMES; (3) HERMES uses identified π+π− pairs and COMPASS
h+h− pairs; (4) COMPASS applies a minimum cut on z, removing
a possible dilution due to contributions from target fragmentation.
A naive interpretation of our data, based on Eq. (7) and on
isospin symmetry and charge conjugation, yields D1,u = D1,d
and H1,u = −H1,d [27]. When considering only valence quarks,
the asymmetry AsinφRSU T ,d is proportional to [hu1 + hd1]H1,u for the
deuteron target, while for the proton target AsinφRSU T ,p ∝ [4hu1 −
hd1]H1,u . Therefore, like in the case of the Collins asymmetry,
the small asymmetries observed for the deuteron target imply
hu1 ≈ −hd1, while the sizeable asymmetries for the proton target
imply a non-vanishing u quark transversity hu1 .
In an early theoretical approach, a strong s- and p-wave in-
terference in two-pion production, known from two-meson phase
shift analyses, was considered for a transversely polarised proton
target [21]. As a result, a sign change of the two-pion asymme-
tries in the vicinity of the ρ mass was predicted. From our data,
however, such a sign change can clearly be excluded.
In a different approach [25–27], all two-hadron fragmentation
functions for two-pion production were calculated in the frame-
work of a spectator model for the fragmentation process. In the
mass range up to Mhh = 1.3 GeV/c2, all relevant two-pion channels
16 C. Adolph et al. / Physics Letters B 713 (2012) 10–16with relative s- and p-waves were considered and the parameters
of the model were tuned to fit the output of the PYTHIA [39] event
generator tuned to HERMES kinematics. Predictions were made for
the IFF H1 as well as for D1,ol and D1,ll and in Ref. [27] the
expected asymmetries for COMPASS using deuteron and proton tar-
gets were calculated assuming different models for the transversity
distributions. Very recently [37], these parameterisations of the
two-hadron fragmentation functions were used together with the
transversity distributions extracted from single-hadron production
[15] to make predictions for both proton and deuteron targets us-
ing the kinematic range covered by COMPASS. The applied cuts
of 0.2 < z < 0.9, 0.3 < Mhh < 1.6 GeV/c2, 0.003 < x < 0.4, and
0.1 < y < 0.9 assure a wide overlap with the presented data. The
solid lines in Fig. 4 show the good agreement of these predictions
in comparison to the data obtained using the 6LiD and NH3 targets.
For 6LiD, the predicted asymmetries vs. z and Mhh are smaller than
0.01, in good agreement with the data. Only for x > 0.1 the pre-
dicted asymmetries start to exceed 0.01, a trend which can neither
be confirmed nor excluded by the data. For NH3, significant asym-
metries are predicted and especially the shape depending on x is
well described. Also the dependences on z and Mhh are reasonably
described, showing a rather weak dependence on z as well as the
enhanced asymmetries close to the ρ mass. The predicted kink at
the ρ mass is not visible in the data but can also not be excluded.
The same parameterisations of the two-hadron FF were also
used in Ref. [38], together with two models for the transver-
sity distributions, a SU(6) quark–diquark model and a pQCD-based
counting rule analysis. For the latter, the results using proton or
deuteron targets are shown by the dotted lines in Fig. 4. The
cuts applied in Ref. [38] were similar to those used in Ref. [37],
except that the invariant mass range was restricted to Mhh <
1.0 GeV/c2, the z region was extended to 0.1 < z < 0.9 and no
explicit x cut was applied. The resulting predictions describe the
data fairly well. While for the 6LiD target the predicted asym-
metries are still in agreement with the data, for the NH3 tar-
get they tend to slightly overestimate the measured asymme-
tries.
6. Conclusions
In this Letter we present the results on azimuthal asymme-
tries measured in two-hadron production in semi-inclusive deep
inelastic scattering using transversely polarised 6LiD (deuteron)
and NH3 (proton) targets. These asymmetries provide indepen-
dent access to the transversity distribution functions comple-
mentary to that using the Collins effect in single-hadron pro-
duction. For the deuteron target, no significant asymmetries are
observed. For the proton target, sizeable asymmetries are mea-
sured in all three kinematic variables, x, z and Mhh , indicating
non-vanishing u-quark transversity and two-hadron interference
fragmentation functions. No dependence of the asymmetries is
observed for the variables z and Mhh , on which the interfer-
ence fragmentation function H1 directly depends. Especially, the
change of sign in the vicinity of the ρ mass predicted by Ref. [21]
is excluded. The dependence of the asymmetry on the Bjorken
variable x, observed on the proton target, constitutes indepen-
dent experimental information on the u-quark transversity dis-
tribution function hu1(x). In conjunction with the unique results
from the deuteron target, also the d-quark transversity function
hd1(x) can be accessed. In an interpretation based on valence
quarks only, the proton data indicate the u-quark transversity
function to be sizeable, while the deuteron data indicate an ap-
proximate cancellation of the u- and d-quark transversity func-
tions.Acknowledgements
We acknowledge the support of the CERN management and
staff, as well as the skills and efforts of the technicians of the col-
laborating institutes. Further we want to thank A. Bacchetta and
M. Radici as well as M.-Q. Ma for kindly providing predictions of
the asymmetries adapted for COMPASS kinematics.
References
[1] R.L. Jaffe, X.-D. Ji, Phys. Rev. Lett. 67 (1991) 552.
[2] R. Jaffe, X.-D. Ji, Nucl. Phys. B 375 (1992) 527.
[3] A. Kotzinian, Nucl. Phys. B 441 (1995) 234, arXiv:hep-ph/9412283.
[4] P.J. Mulders, R.D. Tangerman, Nucl. Phys. B 461 (1996) 197, arXiv:hep-
ph/9510301;
P.J. Mulders, R.D. Tangerman, Nucl. Phys. B 484 (1997) 538 (Erratum).
[5] V. Barone, A. Drago, P.G. Ratcliffe, Phys. Rep. 359 (2002) 1, arXiv:hep-
ph/0104283.
[6] V. Barone, F. Bradamante, A. Martin, Prog. Part. Nucl. Phys. 65 (2010) 267,
arXiv:1011.0909 [hep-ph].
[7] J.C. Collins, Nucl. Phys. B 396 (1993) 161, arXiv:hep-ph/9208213.
[8] D. Boer, arXiv:0808.2886 [hep-ph].
[9] HERMES Collaboration, A. Airapetian, et al., Phys. Lett. B 693 (2010) 11, arXiv:
1006.4221 [hep-ex].
[10] COMPASS Collaboration, M. Alekseev, et al., Phys. Lett. B 673 (2009) 127,
arXiv:0802.2160 [hep-ex].
[11] COMPASS Collaboration, M. Alekseev, et al., Phys. Lett. B 692 (2010) 240,
arXiv:1005.5609 [hep-ex].
[12] BELLE Collaboration, K. Abe, et al., Phys. Rev. Lett. 96 (2006) 232002, arXiv:
hep-ex/0507063.
[13] BELLE Collaboration, R. Seidl, et al., Phys. Rev. D 78 (2008) 032011,
arXiv:0805.2975 [hep-ex].
[14] M. Anselmino, et al., Phys. Rev. D 75 (2007) 054032, arXiv:hep-ph/0701006.
[15] M. Anselmino, et al., Nucl. Phys. B (Proc. Suppl.) 191 (2009) 98, arXiv:
0812.4366 [hep-ph].
[16] A. Bacchetta, F.A. Ceccopieri, A. Mukherjee, M. Radici, Phys. Rev. D 79 (2009)
034029, arXiv:0812.0611 [hep-ph].
[17] J.C. Collins, D.E. Soper, Nucl. Phys. B 193 (1981) 381.
[18] X.-D. Ji, J.-P. Ma, F. Yuan, Phys. Rev. D 71 (2005) 034005, arXiv:hep-ph/0404183.
[19] J.C. Collins, S.F. Heppelmann, G.A. Ladinsky, Nucl. Phys. B 420 (1994) 565,
arXiv:hep-ph/9305309.
[20] X. Artru, J.C. Collins, Z. Phys. C 69 (1996) 277, arXiv:hep-ph/9504220.
[21] R.L. Jaffe, X.-m. Jin, J. Tang, Phys. Rev. Lett. 80 (1998) 1166, arXiv:hep-ph/
9709322.
[22] M. Radici, R. Jakob, A. Bianconi, Phys. Rev. D 65 (2002) 074031, arXiv:hep-ph/
0110252.
[23] F.A. Ceccopieri, M. Radici, A. Bacchetta, Phys. Lett. B 650 (2007) 81, arXiv:
hep-ph/0703265.
[24] A. Bianconi, S. Boffi, R. Jakob, M. Radici, Phys. Rev. D 62 (2000) 034008,
arXiv:hep-ph/9907475.
[25] A. Bacchetta, M. Radici, Phys. Rev. D 67 (2003) 094002, arXiv:hep-ph/0212300.
[26] A. Bacchetta, M. Radici, Phys. Rev. D 69 (2004) 074026, arXiv:hep-ph/0311173.
[27] A. Bacchetta, M. Radici, Phys. Rev. D 74 (2006) 114007, arXiv:hep-ph/0608037.
[28] HERMES Collaboration, A. Airapetian, et al., JHEP 0806 (2008) 017, arXiv:
0803.2367 [hep-ex].
[29] Belle Collaboration, A. Vossen, et al., Phys. Rev. Lett. 107 (2011) 072004, arXiv:
1104.2425 [hep-ex].
[30] A. Bacchetta, A. Courtoy, M. Radici, Phys. Rev. Lett. 107 (2011) 012001,
arXiv:1104.3855 [hep-ph].
[31] A. Bacchetta, M. Diehl, K. Goeke, A. Metz, P.J. Mulders, et al., JHEP 0702 (2007)
093, arXiv:hep-ph/0611265.
[32] X. Artru, arXiv:hep-ph/0207309.
[33] COMPASS Collaboration, P. Abbon, et al., Nucl. Instrum. Methods A 577 (2007)
455, arXiv:hep-ex/0703049.
[34] H. Wollny, Measuring azimuthal asymmetries in semi-inclusive deep-inelastic
scattering off transversely polarized protons, Dissertation, University of
Freiburg, April 2010.
[35] The Durham HepData Project, http://durpdg.dur.ac.uk/.
[36] COMPASS Collaboration, M.G. Alekseev, et al., Phys. Lett. B 690 (2010) 466,
arXiv:1001.4654 [hep-ex].
[37] A. Bacchetta, M. Radici, private communications, 2011.
[38] J. She, Y. Huang, V. Barone, B.-Q. Ma, Phys. Rev. D 77 (2008) 014035,
arXiv:0711.0817 [hep-ph].
[39] T. Sjostrand, P. Eden, C. Friberg, L. Lonnblad, G. Miu, et al., Comput. Phys.
Comm. 135 (2001) 238, arXiv:hep-ph/0010017.
